This paper describes an application of the XBeach model to investigate the effect of longshore topographic variance on overwash. The model is used to simulate the morphological response of an eight-kilometer section of Santa Rosa Island, Florida, due to Hurricane Ivan (2004). The influence of longshore scales in the bed elevation is investigated by comparing the morphological response of the reference simulation to the morphological response of six sensitivity simulations in which the initial bed elevation was modified to remove longshore topographic variance. It is shown that the morphological response of the foreshore-foredune area to Hurricane Ivan is not influenced strongly by the initial longshore bed variance. The morphological response of the back barrier and the back barrier bay to Hurricane Ivan is influenced by features on the back barrier with longshore length scales of 100-500 meters, which hamper the flow across the island during inundation overwash. It is noted that these results may vary for other overwash regimes.
INTRODUCTION
For most barrier coasts, overwash constitutes a natural response to increased hydraulic forcing by storm surge and waves. Overwash contributes to the sediment budget of barrier islands and is thought to help maintain the width of barrier islands as they migrate landwards (e.g. Godfrey and Godfrey, 1973; Hosier and Cleary, 1977) . In developed areas, overwash can be hazardous as it may lead to a reduction of the dune height and subsequent breaching of the dunes, and potentially loss of life (Donnelly et al., 2006) . Field studies have shown that overwash is highly influenced by spatial variations in forcing and topography such that it will exploit existing gaps and low lying areas in the foredune line (e.g. Dolan and Hayden, 1981; Suter et al., 1982) .
Insight into the spatial variation of overwash and quantitative predictions thereof would greatly improve the ability of coastal managers to assess the safety of the coast and to evaluate maintenance and mitigation strategies. One of the key questions in this regard is what the relative importance is of small-scale longshore features in the bed elevation compared to the importance of large-scale features in determining overwash.
In this paper we investigate the importance of features with various longshore scales on the pattern and magnitude of overwash. This is achieved using a new process-based model for the nearshore and coast developed by Roelvink et al. (2009) called XBeach. The XBeach model has already been shown to accurately reproduce spatially-varying overwash response on Santa Rosa Island, Florida, during Hurricane Ivan (McCall et al., 2010) which lends confidence that it is a useful tool to answer subsequent questions.
Using the XBeach model we simulate overwash on an eight-kilometer stretch of Santa Rosa Island, Florida, caused by Hurricane Ivan (2004) . The influence of longshore spatial scales on overwash is examined by re-simulating the Hurricane event using an initial bed in which variance at given longshore scales has been removed.
The paper starts with a description of Hurricane Ivan and the study area (next section). The following sections describe the XBeach model formulation and the set-up of the XBeach model for this study. The model results and the conclusions are described in the final sections of this paper.
HURRICANE IVAN AND SANTA ROSA ISLAND
Hurricane Ivan was the largest of five hurricanes to strike the US coast in 2004, ranking as the tenth most powerful Atlantic hurricane on record. Hurricane Ivan made landfall at 06:50 UTC on 16 September just east of Mobile Bay, Alabama, as a category 3 hurricane on the Saffir-Simpson scale.
Santa Rosa Island, Florida, is a wave dominated, narrow barrier island between the Gulf of Mexico and the Santa Rosa Sound on the Northern Florida Panhandle. The island is aligned approximately east-west and has a length of roughly 85 kilometers. The width of the island varies between 150 and 1000 meters. The western-most tip of the island is approximately 50 kilometers from the location of landfall of Hurricane Ivan, see Figure 1 . During Hurricane Ivan, large stretches of Santa Rosa Island were overwashed. Overwash deposit depths up to 1.5 meters and multiple breaches occurred on the western-most tip (Department of Environmental Protection State of Florida, 2004) .
The study area in this paper, an eight-kilometer stretch of Santa Rosa Island between Pensacola Beach and Navarre Beach, which is part of the Gulf Islands National Seashore, is indicated by the red rectangle in Figure 1 
XBEACH DESCRIPTION
XBeach is a 2DH (depth averaged) model that solves coupled short wave energy, flow and infragravity wave propagation, sediment transport and bed level change. The model has a robust numerical scheme (Stelling and Duinmeijer, 2003) , allowing it to simulate flooding and drying, thereby removing the need for separate dry and wet domains and procedures. A brief description of the model is given below. A more comprehensive description is given by Roelvink et al. (2009) .
Model formulations
XBeach solves the time-dependent short wave action balance on the scale of wave groups. The directional distribution of the short wave action density spectrum is taken into account in the model, whereas the frequency domain is represented by a single representative peak frequency, assuming a narrow banded incident spectrum (c.f. Goda, 1985) . This approach is similar to the 2 nd generation spectral HISWA model (Holthuijsen et al., 1989) , but includes time-dependency. Using these wave action formulations it is possible to solve directionally-spread infragravity waves and time-varying currents, as will be described below.
The wave action balance is given as follows:
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Where A = E/ , E is the wave energy and is the intrinsic wave frequency. The x-and y-velocities (c g,x , c g,y ) in equation (1) represent the respective components of the wave group velocity. The velocity in directional space (c ) takes into account refraction due to bottom and currents. The energy dissipation due to wave breaking, D waves , is modeled according Roelvink (1993) . XBeach includes a roller energy balance in order to redistribute energy from breaking waves to foam. Dissipation of short wave energy is used as a source term in the roller energy balance: 
Roller energy dissipation is calculated according to Reniers (1999) , following Deigaard (1993) and Svendsen (1984) .
Surface elevation and flow, including infragravity waves and unsteady wave-induced currents, are solved using the shallow water momentum and mass balance equations. To include short wave-induced mass fluxes and return flows in shallow water, XBeach uses the Generalized Lagrangian Mean formulation (Andrews and McIntyre, 1978) . The depth-average GLM-shallow water equations are given as follows:
L-and E-indexes for the x(u) and y(v) velocities refer to Lagrangian and Eulerian framework. Water depth is denoted by h, the water surface elevation by and the bed friction coefficient by c f . The horizontal viscosity coefficient ( h ) is modified by wave breaking in the surf zone, following Reniers et al. (2004) . Bed friction is calculated using the parameterization of Feddersen et al. (2000) . The wave and roller forcing terms (F x , F y ) in (3) and (4) are calculated from the short wave radiation stress gradients in x-and y-direction, which are functions of the wave and roller energies.
Sediment transport rates are calculated as:
in which C is the depth-averaged sediment concentration and D s is the sediment diffusion coefficient. Sediment concentrations in the water column are modeled using a depth-averaged advection-diffusion scheme with a source-sink term based on an equilibrium sediment concentration (Galapatti and Vreugdenhil, 1985) :
where T s is the sediment concentration adaptation time scale. The equilibrium concentration source-sink term (C eq ) is calculated using the Soulsby-Van Rijn formulation (Soulsby, 1997 ( 8 ) in which u cr is the critical transport velocity based on Shields (see van Rijn, 1993) , C d is the short wave related drag coefficient and A ss and A sb are suspended and bed load transport coefficients respectively. For high flow velocities, the stirring velocity in (8) is limited to a maximum based on the Shields number at the start of sheet flow (McCall et al., 2010) .
Bed level change due to sediment transport rate gradients is assumed to occur on a time scale that is much longer than those associated with the hydrodynamic processes. Therefore, the time scale for the morphologic changes can be accelerated such that they take place at a rate that is still slower than the hydrodynamic processes, but occur rapidly enough to be relevant over a small number of hydrodynamic cycles. Thus:
In which f mor is a morphological acceleration factor of O(1-10) and p is the bed porosity.
XBeach uses an avalanching algorithm in order to simulate dune slumping during storm conditions. Avalanching occurs if the bed slope exceeds a prescribed critical value for wet or dry points, as extensively tested by Van Thiel de Vries (2009).
MODEL SETUP
In order to investigate the effect of varying longshore spatial scales on overwash, one reference simulation and six sensitivity simulations are carried out. In each sensitivity simulation the initial bed elevation is changed to filter out longshore variation in the bed at varying length scales. No filtering is applied in the cross shore direction. All simulations are carried out with identical boundary conditions. The numerical grid is constant for all simulations, with 10 meter grid spacing in the longshore direction and varying grid size in the cross shore direction. The model parameter settings applied by McCall et al. (2010) are used in all simulations.
Initial bed elevation
The initial bed level for the reference simulation is based on the pre-storm LIDAR and NGDC elevation data described in the previous section. These data are combined on the numerical model grid by means of scale-controlled interpolation (Plant et al., 2002 ). An analysis of the longshore bed elevation variance in the initial bed level for the reference simulation shows that variance on the barrier starts to increase at length scales greater than 50 meters, see Figure 4 . On the barrier, length scales in the range between 300 and 1000 meters contribute strongly to the elevation pattern. The greatest longshore variance is located in the back barrier bay at length scales of over 1000 meters, which corresponds with the spacing of large-scale geomorphic features, including older washover fans on the back of the barrier island.
The initial bed elevations for the sensitivity simulations are found by applying a longshore moving-average filter on the reference bed. The longshore averaging distances for sensitivity simulations increase from 50 meters to 10,000 meters, see Table 1 . Longshore filter lengths of 50 and 100 meters smooth small-scale features in the foredunes and on the back barrier, see Figure 5 . The 500-meter longshore filter length smooths significant features in the subaerial barrier island. The 10000-meter longshore filter length leads to an essentially longshore-uniform bed level. 
Hydraulic boundary conditions
No nearshore or shallow water in-situ wave measurements exist for the study area on Santa Rosa Island during Hurricane Ivan with which to force the XBeach model. For this reason the base parametric hydraulic boundary conditions derived by McCall et al. (2010) for Hurricane Ivan at the same site are used in this study. These boundary conditions describe a 36-hour storm, with a maximum significant wave height of 7.0m and maximum surge level of 1.75m + MSL, see Figure 6 . 
MODEL RESULTS
The measured pre-and post-storm bed level and bed level change are shown in Figure 7 , along with the pre-and post-storm bed level and bed level change calculated in the reference simulation. The figure shows that in the reference simulation the patterns of erosion and deposition across the barrier island are well reproduced. The simulation produces the correct amount of erosion on the foredunes and the development of washover fans on the back barrier and in the back barrier bay. A point-bypoint comparison of the measured bed level change and modeled bed level change shows that the model has considerable quantitative skill, see Table 2 . The calculated bed level changes in the reference simulation and the sensitivity simulations are shown in Figure 8 . The results show that the differences in morphological response between the six sensitivity simulations vary in the cross shore profile of the barrier island. The morphological response of the foreshore and foredune area remains relatively constant between simulations, with a similar amount of erosion on the foredunes and deposition on the foreshore. As the longshore filtering distance increases beyond 100 meters, the patterns of erosion and deposition on the back barrier start to change and erosion starts to dominate. The location and magnitude of washover fans remains constant between the reference simulation and the sensitivity simulations up to a longshore filtering distance of 100 meters. With longshore filtering distances greater than 100 meters a washover terrace is created in the back barrier bay instead of individual washover fans. The differences between the sensitivity simulations in the morphological response on the back barrier can be explained by variations in the hydrodynamics across the barrier island. Figure 9 shows the average velocity on the barrier island during ten hours of inundation overwash in the reference simulation and three sensitivity simulations. The figure shows that the flow across the island in the reference simulation and the 100-meter filter sensitivity simulation is blocked by large scale features on the back barrier and only reaches the back barrier bay through six channels between the features on the back barrier. Although the average velocity in the channels is high, the majority of the back barrier experiences low flow velocities. In the sensitivity simulations with longer longshore filter distances the flow is not blocked by back barrier features. The resulting flow is high across the whole of the back barrier. The total erosion and deposition simulated by the reference simulation and the sensitivity simulations in the foreshore-foredune area, on the back barrier and in the back barrier bay is shown in Figure 10 . The figure confirms that the total erosion in the foreshore-foredune area remains constant for all longshore filtering scales. The amount of deposition on the back barrier bay decreases significantly when the longshore filtering distance increases beyond 100 meters. As a result of the decreased amount of deposition on the back barrier, the amount of deposition in the back barrier bay increases if the longshore filtering distance increases beyond 100 meters. 
CONCLUSIONS
We have described an application of the XBeach model to investigate the effect of longshore topographic variance on overwash. In this study the model was used to simulate the morphological response of an eight-kilometer section of Santa Rosa Island, Florida, due to Hurricane Ivan (2004) . The influence of longshore scales in the bed elevation was investigated by comparing the morphological response of the reference simulation to the morphological response of six sensitivity simulations in which the initial bed elevation was modified to remove longshore topographic variance.
This study has shown that the XBeach model is capable of simulating spatially varying overwash patterns that are dependent on the initial bed elevation. It is shown that the morphological response of the foreshore-foredune area to Hurricane Ivan is not influenced strongly by the initial longshore bed variance. The morphological response of the back barrier and the back barrier bay to Hurricane Ivan is influenced by features on the back barrier with longshore length scales of 100-500 meters, which hamper the flow across the island during inundation overwash. If these large features are removed from the initial bed elevation, the amount of deposition on the back barrier decreases and more sediment is moved to the back barrier bay.
In this study the importance of longshore topographic variance at small length scales on the morphological response of the barrier island is relatively small compared to the influence of topographic variance in length scales greater than 100 meters. However, this may be a result of the magnitude of the storm forcing. It is recommended to examine further the effect of longshore topographic scales in situations with less extreme runup overwash conditions.
